European beech (Fagus sylvatica) grows at the southern limit of its range in the mountain-Mediterranean vegetation belt up to the timberline. The southernmost beech forests of Sicily (southern Italy) show peculiar ecological, structural and silvicultural characteristics, growing in fragmented and isolated stands near the timberline and in topographically marginal unfavorable habitats. Past silvicultural practices increased the heterogeneity of stand structure at these sites. We compared stand structural characteristics and tree health in coppice-cut and control beech stands with respect to the local topographic gradient (bottom, slope and ridge) and canopy cover (clearing/border vs. interior trees). Our results clearly showed a correlation between declining tree health (crown and bark damage, higher percentage of dead trees and lower seedling density) and recent coppice-cuts, poor (marginal) site quality (on ridges and slopes) and reduced canopy cover (in clearing/border trees). The decrease of tree health indicate an increasing threat to the long-term viability of beech stands facing multiple environmental stress factors (such as those related to southern latitude and topographic position). Declining tree health in the control plots also supports this hypothesis. We concluded that traditional forest management practices, such as coppice-cuts applied regardless to the specific microenvironmental conditions, may pose a risk to beech forest health at the southernmost edge of the species' range.
Introduction
Common beech (Fagus sylvatica L.) grows in Europe from the northern and temperate-Atlantic lowlands to the southern Mediterranean mountains, where it reaches the timberline or mountain tops (Barbati et al. 2006) . In Italy, beech forests represent about 12% of the high-elevation forest cover, ranging from the Alps to the species' southern limit in Sicily. According to the National Forest Inventory (INFC 2005) , beech forests cover 1 042 129 ha in Italy, over 9% of the country's total forest area. Beech stands are found in a wide range of environmental settings, from highly humid sites in the Alpine valleys to the dry mountaintops of Sicily. This broad distribution suggests the existence of local provenances and specific adaptations (Magri et al. 2006 , Rose et al. 2009 ).
Previous studies on climate change (Thomas et al. 2004 ) suggested that the survival of beech stands is significantly threatened at the southernmost limits of the species' range (Berry et al. 2002 , Attorre et al. 2008 , Benito Garzon et al. 2008 . Kramer et al. (2010) projected that both southern and northern limits of European beech will shift northward. In addition, climate change may deeply affect natural regeneration processes , Silva et al. 2012 ), growth and productivity (Ciais et al. 2005 , Dittmar et al. 2006 , Jump et al. 2006 , Seynave et al. 2008 , Aertsen et al. 2014 , and physiological performance (Erasmus et al. 2004 , Rennenberg et al. 2006 , Granier et al. 2007 ).
In the Mediterranean region mean temperatures are currently increasing, rainy seasons are becoming shorter and drought periods are longer and more frequent; a shift upward of the treeline and a shrinkage of the species' distribution in southern Europe is anticipated (Peñuelas & Boada 2003 , Jump et al. 2006 . The Sicilian beech stands growing on the northern coastal mountaintops are expected to experience increasingly severe drought and warming, leading to decline, population decreases and potential local extinction of the species (Piovesan et al. 2008 , Pignatti 2011 .
In recent years, severe drought has affected beech stands at the southern sites, which calls for an active management of stands. Past silvicultural practices have largely influenced stand structure variability of beech forests in all Mediterranean mountains, by creating and maintaining a wide spectrum of structural forms (Bengtsson et al. 2000) . Coppicing to supply wood for charcoal in local markets has been the major factor affecting forest structure (Coppini & Hermanin 2007 , Ciancio et al. 2008 , Nocentini 2009 , Sabatini et al. 2015 . With a decreasing demand for charcoal production, the majority of the beech coppices were no longer managed, and many are currently being converted to high forests (Bergmeier & Dimopoulos 2001 , Cian-cio et al. 2006 , Nocentini 2009 , Lombardi et al. 2012 ).
At the forest stand level, climate and management practices may interact with topography, cover and edge effects. Indeed, Mediterranean mountain beech stands located on ridges or steep slopes, as well as those that are in fragmented stands or near edges, are negatively affected by the increased exposure to wind, turbulence, warmer air and higher soil temperatures (Harper et al. 2005 , Heithecker & Halpern 2007 , Barbeta et al. 2011 .
This study focuses on the structural characteristics of coppice beech stands growing on the Madonie Mountains (the northern mountain chain of Sicily) in relation to the local topographic gradient and the forest cover fragmentation, with the following goals: (i) to verify whether traditional coppice practices are still suitable for sustainable management of beech at its southernmost limit; (ii) to identify silvicultural practices for maintaining beech stands in these marginal areas. To evaluate the effect of coppicing on stand structure and tree health, structural characteristics, seedling density, defoliation index, bark damage and the percentage of dead trees were compared between recently coppiced and non-cut (control) forest plots.
Material and methods

Study area
The Sicilian beech forests cover 15 924 ha (Camerano et al. 2011) and are of particular phytogeographic and ecological interest (Gentile 1969 , Raimondo et al. 1992 , Brullo et al. 1999 . Beech grows from 1200 up to 2000 m a.s.l. on the ridges and high slopes of the Nebrodi and Madonie mountains (N and NE Sicily - Fig. 1 ), as well as on the slopes of Mont Etna (Cullotta et al. 2013) . Annual precipitation in the area usually exceeds 1000 mm, barely fulfilling the water needs of the species, suggesting the existence of locally adapted populations (Nahm et al. 2007 ). The typical Mediterranean summer drought is partly mitigated on northern slopes (facing the sea) by humid winds. The mean annual temperature ranges from 7.0 to 11.0 °C; the Rivas-Martinez bioclimatic classification is humid supra-Mediterranean.
Beech stands in this area grow on quartzarenite (Numidian Flysch) substrate. Soil types include Eutric Cambisols (brown soils), Eutric Regosols and Lithosols, varying with the topography (ridges, steep slopes or summit plateaus). At higher altitudes beech cover is highly fragmented and trees are often shrub-like, with multiple stems and reduced height. Both deciduous and evergreen oaks (Quercus petraea, Q. ilex, Q. pubescens) can be found in beech stands, mainly at lower elevations (1200-1300 m a.s.l.).
Traditionally, beech forests in Sicily were mostly managed as coppice for charcoal production (Hofmann 1960) . All beech forests are still used for occasional grazing and wood harvesting, resulting in highly diversified structures which cannot be easily classified as standard structural managing models (simple coppice, coppice with standards or selection coppice). Wildfires are rare in the higher vegetation belt, including in beech forests.
Data collection
Six study sites (A, B, C, D, E and F) were selected in the upper part of the Madonie mountains after a review of the local literature on beech forests (Hofmann 1960 , Camerano et al. 2011 , Cullotta & Marchetti 2007 based on the following criteria: (i) coppice stands must have been recently (last one or two decades) managed using local, traditional silvicultural methods; (ii) at least part of the stands must not have been managed in the last three or four decades (to be used as control plots).
A field survey was conducted at each site on 2 paired plots (i: recently coppiced; ii: control), totaling 12 sample plots (Fig. 2 , Tab. 1). Each plot was circular, with a radius of 20 m. Plots were located in pure beech stands along an elevation (1600-1800 m a.s.l.) and topographic gradient (bottom, slope, ridge - Fig. 3 ). Paired plots allowed the comparison of stand characteristics (structural variables, seedling density, tree defoliation index, bark damage, and the percentage of dead trees) between recently coppices stands and controls growing under similar ecological conditions (Fig. 2,  Fig. 3 ). Altitude, topographic position, aspect and slope of each plot were recorded, and its center georeferenced by GPS. The position of all trees in the sample area was determined by polar coordinates (distance from plot center and azimuth). To determine the maximum age of shoots in each plot, core samples were collected from the base of the six largest stems in the plot using an increment borer.
Diameter at breast height (DBH) of all living trees (all shoots >3 cm on each stool) and tree height (H) were measured. Additionally, the following structural characteristics were recorded in each sample plot: height of crown insertion (m), crown radius (mean of the radii taken at the four cardinal points), canopy cover (%), stool number and location, coppice-shoot number per stool.
The presence and location of beech regeneration was determined by recording all plants with diameter (D) < 3 cm (at ground level) and height (H) < 1 m along two transects in each sample plot; the transects were 40×2 m, oriented according along the cardinal directions. Seedling production (seedlings ha -1 ) was determined by counting all recruitments of the current year iForest 9: 673-681 
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along the transects, while recruitments of the previous years were classified as saplings (saplings ha -1
). Seedling and sapling were defined according to Borghetti & Giannini (2004) , Papalexandris & Milios (2010) and Barbeta et al. (2011) .
Based on the above measurements, the following structural parameters were calculated for each sample plot: stem density (shoots ha -1 ) and stool density (stools ha -1 ); mean tree DBH (cm) and mean tree height (m); basal area (G, m 2 ha -1 ); frequency distribution of trees with respect to DBH (2.5 cm classes) and H (5 m classes). The number of individuals in each size class for DBH and H was calculated based on the stand density of each plot (number of individuals per hectare). The total basal area (G, m 2 ) from all the shoots for each individual (stool) was also calculated. The whole shoot volume (V, m 3 ) was obtained using the mathematical models developed by the Italian National Forest Inventory (MAF-ISAFA 1985) and the Sicilian Regional Forest inventory (Hofmann et al. 2011) .
Tree health data collection
Damage was assessed for all beech trees in each sample plots. Crown defoliation and bark damage were estimated visually and defined as the percentage of crown leaf loss and the percentage of damaged stem bark (necrosis; cracks), respectively. Stem bark damage are to be considered as the effect of direct sunlight on the bark after the canopy opening by cutting. To assess crown damage, the shoot crown on each stool was split into 9 (3×3) quadrants (Fig. 4) , and each quadrants assigned to a damage and defoliation class (based on 5% percentage of increment). Trees were observed systematically from the south side. Dead trees were recorded, and the ratio of dead to total individuals was calculated for each plot.
In addition to sampled plots, tree health data collection was extended to a total of three transects located along the topographic and altitudinal gradient (Fig. 2, Fig. 3 ). Each transect was 5 m large and 350-450 m long, and included bottom, slope and ridge segments. The same procedure of damage assessment adopted for plots was also used for the transects.
Data analysis
The non-parametric Kolmogorov-Smirnov (KS) test was used to test for differences in the diameter distribution of stems or shoots (by size class) between coppice-cut iForest 9: 673-681 675
Tab. 1 -Physiographic characteristics of the study sites. The label "cut" indicates recently coppice-cut plots, while control plots are labelled as "control". Geographic coordinates are given for the center of the two paired plots sampled at each site. Altitude, aspect, slope and stand density are given as the mean of the two plots. and control plots. The Student's t-test was applied to compare structural variables (plant and stool density, no. of shoots per stool, mean tree DBH, H, G and V), regeneration density (seedlings and saplings), and damaged and dead trees between coppiced and control plots. Differences in the measured variables among silvicultural treatments (coppicecut plots vs. non-cut plots/controls), topography (bottom, slope and ridge plots), and canopy cover (clearing/edge trees vs.
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interior trees) were tested by ANOVA. Mean comparison was carried out using the Tukey's post-hoc test (α = 0.05).
All statistical analyses were carried out using the software package STATISTICA ® version 8 (StatSoft Inc., Tulsa, OK, USA).
Results
Structural characteristics
The analysis of core samples extracted from the larger stools in the sample plots revealed that all the studied stands have been subject to previous coppice cuts 43 and 54 years ago. Only a single stem (shoot) of age of 63 and one of age 76 years were recorded in plots E and D, respectively.
A total of 4714 stems/shoots with DBH > 3 cm were measured in the 12 sample plots.
The mean values (± SE) of all measured and derived stand variables are reported in Tab. 3, for both coppice-cut plots (A, C, D) and control plots (B, E, F -Tab. 2).
Beech stands in coppice-cut plots were significantly less dense than control plots (3013 ± 232 vs. 8268 ± 2040 n ha -1 -Student's t = -2.57; p < 0.05; df = 10); the number of shoots per stool was also significantly smaller (5.3 ± 0.23 vs. 6.6 ± 0.48 n ha -1 in coppice-cut and control plots, respectively -Student's t = -2.39; p < 0.05; df = 800 - Fig. 5) . Contrastingly, the stool density was similar in both stand types (Student's t = -1.81; p = 0.09, df= 10).
Coppice-cut stands had significantly lower values of both basal area (Student's t = -6.18; p < 0.01; df = 10) and volume (Student's t = -5.63; p < 0.001; df = 10 - Fig. 5,   Tab. 3) . The diameter distribution of coppice-cut and control stands showed a similar shape, but were significantly different (KS test, p = 0.029). In general, the number of individuals (stems) decreased from smaller to larger size classes. Student's t-test applied to each diameter class revealed significant differences for the intermediate classes (DBH 10, 12, 14 cm - Fig. 6a) . Similarly, the cumulative distribution of volume per individual (summing all the stems of each individual) was significantly different between coppice-cut and control plots (KS test, p = 0.001 - Fig. 6b) , with significant differences in the intermediate volume classes (V 20, 40, 60, 80) .
Regeneration
The number of seedlings and saplings was not significantly different in coppicecut and control stands (Fig. 5 ). Significant differences in regeneration were found among topographic positions after ANOVA (Fig. 7) . Pooling data from coppice-cut and control plots together, regeneration was significantly lower on ridges as compared with other topographic locations (seedlings: p < 0.01; saplings: p < 0.05 - Fig. 7a ). The number of seedlings showed a decrease from the lower to the higher elevation plots, while the number of saplings increased with the topographic gradient. In coppice-cut stands (Fig. 7b) , the lowest regeneration level occurred on the ridges (p < 0.01), while the number of saplings decreased in the opposite direction from ridges down to the bottomlands. Contrastingly, seedling number was the highest in plots located on slopes (p < 0.05).
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Tab. 2 -Structural characteristics of the sample plots (mean values) before and after the cutting treatments . The percentage of variation of density, basal area (G), and volume (V) after the cutting is reported. (*): include the natural mortality in control plots. 31.8 ± 12.8 31.8 ± 11.4 15.9 ± 10.9 23.9 ± 12.8 31.8 ± 9.1 31.8 ± 10.1 Defoliation index (% individual) 14.0 ± 2.3 12.4 ± 1.4 21.6 ± 5.7 27.3 ± 9.7 17.5 ± 1.5 17.1 ± 4.7 Bark damage index (% individual) 0.0 0.0 11.7 ± 1.9 7.1 ± 2.9 0.0 0.1 ± 0.04 trees (n ha 
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Health status and dead plants
Generally, crown defoliation was greatest in the upper and outside portions of the crown; less defoliation was observed in the lower and inside portions. By contrast, the greatest bark damage was observed in the lower part of each stem, mainly on the southern warmer exposures, and in plants bordering clearings and open areas.
Comparisons of coppice-cut and control plots revealed statistically significant differences in all the indicators of beech health (defoliation, bark damage, dead tree). The canopy defoliation index was twice as high in coppice-cut plots compared with controls (20.77% ± 1.02 vs. 9.03% ± 0.48 -Student's t = 10.51; p < 0.01; df= 472 - Fig. 5 ). The bark damage index, which was negligible in control plots (0.15% ± 0.06), was relatively high in the cut stands (6.35% ± 0.56 -Student's t = 12.24; p < 0.01; df= 472). As a consequence, a possible drought effect could be excluded. Moreover, the percentage of dead trees within sample plots was iForest 9: 673-681 677 also higher in coppice-cut (6.97% ± 2.62) as compared with control areas (0.17% ± 0.41 -Student's t = -2.49; p < 0.05; df= 10 - Fig. 5 ). The analysis of the health status of trees with respect to the topographic gradient revealed that the defoliation index and bark damage index were higher on ridges and slopes than on bottom sites. Additionally, trees bordering clearings were less healthy than trees in stand interiors (Fig.  8) . Indeed, beech trees in coppice-cut plots located on ridges and in clearings showed the highest defoliation index (up to 34.5% ± 4.4 -the highest value was in plot D with 41% defoliation), which was significantly higher than those found for in slope and bottom positions (Tukey's post-hoc test, p < 0.01 - Fig. 8a ). Beech trees in control plots with the same topographic position and canopy cover showed similar results, although with lower values, e.g., the defoliation index was 14.8% ± 1.6 for trees in the clearings on ridges (Fig. 8b) .
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The bark damage index is reported only for coppice-cut plots (Fig. 8c) ; in control plots, the index was close to 0%. The bark damage index was significant higher in plots on slopes for both edge and interior trees (Tukey's post-hoc test, p < 0.01 - Fig.  8c) .
In coppice-cut plots, dead beech trees were significantly more abundant on slopes and ridges (Tab. 3).
Discussion and conclusions
Southern European beech forests mainly grow in the mountain-Mediterranean vegetation belt of northeastern Spain, southern Italy and Sicily, and central Greece (Piovesan et al. 2005 , Peñuelas et al. 2007 , Tsiripidis et al. 2007 ). Beech in Sicily grow at the very edge of the species' European range (Cullotta et al. 2013) . Beech stands on the Madonie mountains (about 2500 ha), as well as those located on the eastern slopes of Mount Etna (about 2000 ha), are highly fragmented as compared with the wider beech forests of the Nebrodi mountains (approximately 10 000 ha - Fig. 1b) . Moreover, the latter stands are characterized by higher biomass and more growing stock as a result of deeper soils and more humid environment (Hofmann et al. 2011) , while the former stands grow on lessdeveloped shallow soils, and are mainly composed of multi-stemmed trees (several shoots on each stool), due to both environmental conditions and past coppicing.
Our results confirm that vegetative regeneration (sprouting) largely predominates in high mountains and in topographically marginal sites, which is a common reproductive strategy for beech growing under unfavorable environmental conditions (Peters 1997), especially in the Mediterranean region (Peñuelas et al. 2007 , Papalexandris & Milios 2010 , Bianchi et al. 2011 , Cullotta et al. 2013 .
Past silvicultural practices carried out in the analyzed stands have fostered irregular stand structures and increased structural variability, reinforcing the importance of the adoption of a correct coppicing management (Ciancio et al. 2006 , Coppini & Hermanin 2007 , Nocentini 2009 ). Coppice with standards was the most common treatment of beech stands in Sicily, including the Madonie mountains, until the first half of the last century (Hofmann 1960) . Their subsequent abandonment or the irregular (less frequent) utilization have contributed to the current atypical stand structures and dynamics.
Our results revealed a significant impact 678 iForest 9: 673-681 
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of silvicultural practices on the studied beech forests. Felling practices carried out in the last two decades (Tab. 2), uniformly applied to a coppice-like stand structure without consideration of site-specific environmental conditions (i.e., topography and soil), negatively influenced stand development. Ciancio & Nocentini (2004) emphasized that coppicing in harsh climates and environmental conditions produces many crooked and branched stems. The comparison of coppice-cut and control plots indicated a high utilization rate, i.e., 20-40% of plant basal area (G) and volume (V) and up to 66% of stem (shoots) density (Tab. 2). The higher G and V observed in the control plots as compared with coppice-cut plots (Tab. 3) reflect the different architecture of individual trees in the two stand types, because stools in control plots tend to have more stems (shoots) per individual than stools in coppiced plots (Fig. 5, Fig. 6 ).
The analysis of regeneration did not reveal significant effects of the silvicultural treatment on seedlings and saplings density. However, seedlings tend to be less abundant in coppice-cut plots compared with controls, while the opposite was true for saplings.
Climate, topography, soil and stand structure are the main factors controlling seedling density at the microsite level (Silva et al. 2012) . In this study, we found a considerably lower number of seedlings in plots located on ridges and mountaintops as compared with those in the bottomlands, with the largest reduction of recruitments in the coppice-cut plots (Fig. 7) . On the other hand, such reduction was not found for saplings. Similar results were reported by Barbeta et al. (2011) , who compared fragmented and continuous forests at the edge of the species' range in southeastern Spain. However, the projected increasing temperatures in the Mediterranean region are likely to reduce the frequency of successful seedling establishment (Jump et al. 2007 , Pulido et al. 2008 , Wagner et al. 2010 , possibly leading to a general decline and local extinction (Piovesan et al. 2008) .
The observed decrease in seedling establishment and plant health are indicative of the poor site quality at the coppice-cut stands analyzed. Our results suggest a strong effect of silvicultural treatment on habitat quality: beech trees in coppiced plots were more than twice as defoliated and had 6 times more bark damage than those in control plots. Moreover, dead trees were 7 times more abundant in coppice-cut than in control plots (Fig. 5) .
The defoliation index, the bark damage index, and the percentage of dead trees were strongly correlated with local topography (Fig. 8, Tab. 3) . The defoliation index of coppiced plots on ridges was nearly double (35% mean defoliation) that that of coppiced plots in bottomlands (21% - Fig. 8a ). The effect of topography was also evident in the control plots, with approximately 3-4 times more damage on ridges than in bottomlands. Similar results were also observed for other indicators of tree health, such as bark damage and frequency of dead trees. These findings support the hypothesis that the negative effect of inappropriate silvicultural practices could be strengthened by the worse environmental conditions expected under the current climate change.
In summary, our results suggest that the health of beech stands on the Madonie mountains declines in more marginal sites, at higher altitudes, and on steep slopes, ridges and summit plateaus, as a consequence of the combined effect of anthropogenic and ecological factors. In particular, the shallow soils (siliceous, rocky and skeletal) and the effects of strong winds, such as increased evapotranspiration and air turbulence (Harper et al. 2005) are among the most limiting environmental factors. Aridity and wind speeds are expected to be higher in these marginal sites, affecting tree health through drought and mechanical damage (Barbeta et al. 2011) .
In addition, habitat quality in the studied sites is strongly affected by the lack of a continuous canopy cover (Heithecker & Hapern 2007) . The negative effects of habitat fragmentation on tree health have been attributed to edge and area effects (Ferreira & Laurance 1997 , Harper et al. 2005 . The effect of direct sun on trees bordering clearings is particularly evident in their health indicators (defoliation, bark damage, dead trees), especially for Mediterranean beech stands at high altitudes or at the southernmost edge of the species' range.
Environmental stress can be strongly enhanced by the adoption of different management regimes or silvicultural practices (Kramer & Kozlowski 1979 , Ciancio et al. 2006 , Wagner et al. 2010 . Extensive coppicing in the analyzed plots A, C and D increased environmental stress. Coppicing amplified the ecological effects of forest fragmentation and canopy gap formation, affecting growth patterns, regeneration processes, and sunlight effects ( Topoliantz & Ponge 2000 , Collet et al. 2001 , Caquet et al. 2009 , Robson et al. 2009 ).
To mitigate the negative effects of frequent coppice clearcutting on soils, landscape and biodiversity conservation, the conversion of coppices to high forests or to natural stand dynamics with continuous cover has recently become an increasingly common management goal, especially in hilly and mountainous Mediterranean regions (Serrada et al. 1998 , Ciancio et al. 2006 , Nocentini 2009 , Montagnoli et al. 2012 . Anyway, in harsh habitats (as in the case study) where multi-stemmed shrublike growth forms are common and conversion is not feasible, it is compulsory to maintain a high canopy cover and a large stem density. Therefore, management in such ecological context should aim at reducing the fragmentation of beech stands and increasing canopy cover by plantation.
In summary, the results of this study highlight the various ecological and management effects that influence habitat quality in outlying beech stands of the Madonie mountains. Here, beech has to be considered as a "pioneer" species surviving in extreme habitats, characterized by severe summer drought, shallow soils, strong winds, scattered canopy cover and unsuitable management practices, such as occasional wood harvesting and uncontrolled grazing. In this context, traditional silvicultural practices used in the past are no longer suitable and quite detrimental to the stands' survival. A cautious management approach should be adopted, avoiding felling practices and other anthropogenic disturbances in the most marginal topographic sites such as ridges, summit plateaus and steep slopes.
